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OEnOEMT FAS-UGAND EXPflESSION BY SYNOVIAL LYMPHOCYTES 
OF PATIENTS WITH RHEUMATOID ARTHRmS. M J. Cantwea'. L 
bya*. N J. Zvaiflef and TJ Kmos. Divisions of HematologyA>icotogy and 
Rheumatology; UCSD School of Medtctne. La JoHa. CA. 

Mice that have defective expref «on and/or tunction of Fas (CD95) or its 
Bgand develop lyn^^wproGferative and/or autoimmune disorders resuUirtg 
trom dysregulated tymphocyte activation. We assessed whether 
dysregutated expression of Fas (0095) or its tigarxl also was associated 
with human autoirrunune disease. For this we examined the lymphocytes in 
the blood and affected joints of patients with rheumatoid arthritis (RA). an 
autoimmune disease characterized by infiltration of peripheral joints with 
"activated" lymphocytes. We found that nearly all the lymphocytes in the 
synovial fluid or synovial tissue of diseased joints expressed high levels of 
C095. In contrast, the Uood lymphocytes of patients with RA did not 
express significantfy higher levels of CD95 than lymphocytes of age- 
matched normal control sut^ects. In addition, we found that both synovial- 
fhiid and synovial-tissue lymphocytes were rapidly induced to undergo 
apoptosis upon in vitro culture with the anti-CD95 antibody. CH-1 1 . 
However, we found that RA synovial fluid did not contain soluUe CD95 or 
other spedrc inhibitors capable of inhibiting apoptosis induced by native 
human Fas-ltgand expressed by transfected mouse fibn^asts. Instead, we 
detected tittle or no expression of Fas-figarxJ by immunohistochemistry or 
sensitive RT-PCR in synovial-fluid mononuclear ceils or synovial-tissue cells 
of patients with RA. The lack of Fas-ltgand expression could not be 
explained by an inherent defect of RA synovial T ceHs in their ability to 
express Fas-tigand (otlowing T cell receptor crosslinking. Similar to T cells 
from normal donors, we found that T cells from synovial fluid or synovium 
can be induced to express Fas-ligand through 003 crosslinking or co- 
cullure with phorbol esters and a catetum ionophore in vitro. The lack of 
appropriate Fas-ligand expression suggests that the RA synovium may be 
an "immune under-privileged" site, where mononuclear cells of affected 
joints can express high levels of immunostimutatory accessory molecules, 
including CD95, that commonly are induced upon cellular-immune 
activation. Without sufficient expression of Fas-ligand. however, lymphocyte ■ 
activation may perpetuate itself through recurrent cycles of antigen- 
independent, co-stimulalory, cognate cell-cetl interactions. This study 
reveals that human autoimmune disease may be associated with suboptimal 
or defective expression of Fas-ligand, suggesting that the regulated 
expression of this accessory molecule is as critital for immune-system 
homeostasis in humans as it is in inbred strains of mice. 



ALLOGENEIC PLATELETS REQUIRE UNIQUE ANTIGEN 
PROCESSING MECHANISMS WITHIN RECIPIENT ANTIGEN 
PRESENTING CELLS (APC) IN ORDER TO STIMULATE 
ALLOANTIBODY PRODUCTION. Annie Bang. Kevin J. Hicks. 
Edwin R. Speck. Victor Blanchette. John Freedman and John 
W. Semple. Division of Hematology, St. Michael's Hospital and 
The Hospital for Sick Children and The University of Toronto, 
Toronto, Ontario, Canada. 

We have recently shown that the immunogeniclty of 
allogeneic platelets is dependent on stimulation of inducible 
nitric oxide synthase (iNOS) within recipient antigen 
presenting cells (APC, Blood 88 (8), 1996, in press). To 
examine platelet processing pathways in recipient APC, 
splenic adherent macrophages (APC) from BALB/c (H-2*') mice 
were Incubated (pulsed) with allogeneic C57BL/6 (H-2*) 
platelets (10:1; platelet: APC) for 18 hr at Z7°C, washed 2x 
and 10* pulsed-APC were transfused weekly into BALB/c 
mice. IFN-y and various drug inhibitors (known to affect 
antigen processing) were incubated in the platelet/APC 
cultures. Results show that recipient APC pulsed with 
syngeneic platelets did not Induce formation of anti-donor 
alloantlbodles whereas allogeneic platelet -pulsed APC could 
stimulate alloantibodies by the 2nd transfusion. Flow 
cytometric analysis confirmed that the IgG antibodies were 
specific for cells of the donor MHC (H-2'') haplotype. When 
APC were pulsed with allo-plalelets In the presence of 
cytokine or drug, the percentage of mice (N = 10) with 
detectible antl-donor alloantibodies was as follows : 

WEEKS OF TRANSFUSIONS 
In vitro Cytokine/ Drug Pre ' _2 _4 _6 

None 0 40 80 100 

IFN-Y 0 80 100 100 

Amlnoguanldine (AMG, 1 mM) 0 20 30 40" 
Colchicine (1 uglml) 0 20 30 30" 

NH CI (50 mM) 0 40 80 100 

Chforoquine (100 mM) 0 100 100 100 

• mice had low tit red antibodies . 
These data suggest that recipient APC require iNOS activation 
(AMG sensitivity) and a colchicine sensitive (phagocytosis), 
pH-independent (chloroquine/NH^Cl-insensitive) cellular 
compartment In order to optimally process /present platelet 
antigens and Induce anti-donor antibody production. 
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ADVANTAGES OF HUMAN CD40 ACTIVATED B CELLS OVER 
DENDPrnC CELLS FOR PRESENTATION OF HUMAN TUMOR 
ANTIGENS J.L Schultze *. S. Michalak '. M. J. Seamon '. J.C. PelqadQ*. 10. . 
Snbbea L.M. Nadler . Dana-Fart)er Cancer Institute. Boston, MA 021 15. 
Tumor cells themselves are either inefficient or ineffective antigen presenting 
cells (APC). One approach to circumvent this obstacle is to use professional 
APC to present tumor associated peptide antigens (Ag) to attempt to induce T 
cen mediated anti-tumor specific immunity. Candidate APC include dendritic 
cells (DC), activated B cells, and nwnocytes. Based upon their efficiency of Ag 
presentation, DC have largely been selected as candidates for cfinical studies. 
Since DCTs comprise <1% of peripheral blood mononuclear cells (PBMC), 

. leutopheresis or stem cell mobilization are used to obtain sufficient sources of 
these cells. Although DCs can be expanded In cocktails of cytokines, long 
term culture (>2ld) results in diminished capacity of these cells to functton as ^ 
APC- ConsWering the difficulty in preparatton, expansion, function, and 
potential cost of using DC as cells to present tunwr Ags, we sought alternative 
sources of professional APC. Human B cells activated by CD40 crosslinking 
(CD40-B) are highly efficient APCs to present tumor peptide Ag. Although 
DCs are approximately 5-10 fokf more efficient at presenting alloAg. the ease In 

. obtaining large numbers of CD40'B from small quantities of PBMC obviates this 
problem. CD40-B can also be generated from patients heavily pre-treated with 
chemotherapy, whereas it Is much nwre difficult to obtain DCs from these 
patients. From PBMC preparations (n=13), between 83 and 773 (mean 375) 
fold increase in activated B ceils can be generated. Unlike DC. CD40-B can be 
cultured for more than 65 days (expanston 98,000 fold) without toss in their 
capacity to present alloAg efficiently to T cells. More importantly, CD40-B cells 
reproducibly induced a higher peak T cell proliferative response than PBMC 
CX^s cultured in GM-CSF and [L-4 from the same donor. To evaluate their 
capacity to present MHC class I restricted tumor peptide Ag, C040-B cells from 
HLA-A20r healthy donors were pulsed with tfie melanoma associated tumor 
Ag tyrosinase peptkJe YMNGTMNSQV, known to bind to HLA-A20r. When 
CD&f T cells (> 99%) were repetitively stimulated with peptide pulsed 
autologous CD40-B celts, they coukl kQ target cells pulsed with the 
immunogenic peptide specifically, but not cells alone, allogenek; control 
targets, aulotogous B cells pulsed witfi irrelevant immunogenic peptkle or PHA 
blasts. Rnally. unlike DCs. CD40-B cells remain fuDy functional even in the 
presence of immunosuppressive cytokines including IL-10 and TGF^. 
Consklering their ease in isolation, equivalence in Ag presentation, retention 
of Ag presentatk?n function in long term culture, and resistarKe to inhibitory 
cytokines, these studies provkie evidence that CD40-B cells shouM be 
considered as a potentially superior source of APC to present tumor Ag. 



IMMUNE NON-RESPONSIVENESS TO ALLOGENEIC 
PLATELETS IN MURINE STRAINS WHICH LACK MHC CLASS 
II I-E MOLECULES IS DUE TO THE PRESENCE OF CD8+ T 
CELLS. John W. Semple. Edwin R. Speck. Victor Blanchette 
and John Freedman. Division of Hematology, St. Michael's 
Hospital and The Hospital for Sick Children and The 
University of Toronto, Toronto, Ontario, Canada. 

BALB/c (H-2'') and CBA (H-2'') mice express the full 
complement of murine MHC class II; both I-A and I-E MHCj 
molecules. When these mice are transfused with 2 x 10* 
leukoreduced allogeneic platelets, they generate IgG and 
IgG anti-donor antibodies by the fifth transfusion. C5TBL/6 
(BL/6, H-2'*) and ASW (H-2*) mice on the other hand only 
express I-A MHC class II molecules; these mice are 
alloantibody non- res ponders to all allogeneic platelets (>25 
transfusions) tested to date. Spleen cells from the transfused 
ASW or BL/6 mice could not mediate nitric oxide-dependent 
cytotoxicity which we have recently demonstrated to be 
essential for platelet-Induced IgG antldonor antibody 
production (Blood 88(8) , 1996 in press) nor did they show any 
donor- specific CTL-medlated cytotoxicity. Because T cells 
may be Involved with the platelet immune non- responsiveness, 
we used BL/6 CD4 and CD8"'' transgenic knockout mice as 
platelet recipients. CD4''' mice could not respond humorally 
to any allogeneic platelet donor tested during a 10 week 
transfusion protocol whereas the CD8''' mice responded by the 
3rd platelet transfusion. The CDS''' alloantibodies were 
predominantly IgG^ (without IgG^) , donor MHC specific, and 
of relatively high titre (range: 1:200-3200). These data 
suggest that IgG immune responsiveness against allogeneic 
platelets is differentially regulated by MHC class II molecules, 
i.e. I-E with I-A expression stimulates immunity whereas I-A 
expression alone suppresses antibody production via a CD8+ 
T cell pathway . In addition, the data suggests I-A restriction 
of platelet alloantigens may be responsible for a preferential 
IgGj^ (Thl) immune response. 
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Dendritic cells (DC) are professional antigen-pre- 
senting cells which stimulate strong proliferative and 
C3i;olytic T cell responses. Stimulation of CD40 on den- 
dritic cells by its ligands and anti-CD40 antibodies 
induces maturation and enhances DC stimulatory 
ability. In order to understand the mechanism by 
which ligand:CD40 interactions augment DC function, 
we assessed the role of T cell stimulatory cytokines 
DLrl2 and IL-15 in the function of DC stimulated with 
soluble trimeric CD40L, a recombinant fusion protein 
incorporating three covalently linked extracellular 
CD40L domains (huCD40LT). Peripheral blood de- 
rived DC treated with huCD40LT and/or IFN-y were 
used to stimulate T cell responses in vitro to specific 
antigens. DC treated with huCD40LT or IFN-y/ 
huCD40LT stimulated enhanced T cell proliferation to 
CASTA, a soluble protein from C, albicans, induced T 
cells with augmented antigen-specific lysis, and in- 
creased the yield of antigen-specific IFN-y-producing 
T cells. IL-15 production by DC was enhanced in cul- 
tures treated with huCD40LT and correlated with ex- 
pansion of antigen-specific cytolytic T cells. Addition 
of a neutralizing anti-IL-15 monoclonal antibody in- 
hibited the expansion of viral and tumor antigen-spe- 
cific T cells stimulated by IFN-y and huCD40LT- 
treated DC. In contrast, this enhanced stimulatory 
ability of DC did not appear to depend on synthesis of 
IL-12 since huCD40LT treatment stimulated the gen- 
eration of antigen-specific cytokine producing and cy- 
tolytic T cells without increased IL-12 production. Ad- 
dition of anti-IL-12 monoclonal antibody did not in- 
hibit expansion of these cells. These data suggest that 
production of IL-15 but not IL-12 is an important fac- 
tor in the enhanced immunostimulatory ability of 
huCD40LT.treated DC. O 1999 Academic Press 



^ This work was supported in part by National Cancer Institute 
Grant 5P30-CA 14089 and by Food and Drug Administration Grant 
FD-R-001101-1 to J.S.W. J.S.K. was supported by a grant from 
RPR-Gencell, Inc., and by NIH Traineeship 2T32AI07078-16A2. 
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gens; antigen presentation. 



INTRODUCTION 

The dendritic cell is a professional antigen presenting 
cell (APC)^ which induces the formation of antigen-spe- 
cific immune responses in naive T cells (1, 2). DC-medi- 
ated immune responses include the development of pri- 
mary and secondary T cell helper and cytolytic immxme 
responses, T-cell-dependent antibody production, and in- 
duction of tolerance (1-4). Vaccination with peptide- 
pulsed DC has been shown to induce anti-viral and anti- 
tumor T cell responses in mice and causes regression of 
established tumors (5, 6). DC capture and process anti- 
gen, become activated in tertiary lymphoid tissue, mi- 
grate to secondary lymphoid tissues, and stimulate T- 
cell-dependent in^nune responses (1, 7, 8). DC exposed to 
LPS and proinflammatory cytokines mature, demon- 
strate decreased capacity for new antigen presentation, 
increase their expression of immunomodulatory cell sur- 
face markers, and have enhanced ability to stimulate 
iimnime responses (9-13). Tumor cell-induced defects in 
DC maturation and function have been reported (14) and 
may be due to timior cell production of vascular endothe- 
lial growth factor (15). DC have been shown to produce a 
variety of cytokines during maturation which may be 
important for their immune activating function, includ- 
ing IL-12 and IL-15 (16-19). 



^ Abbreviations used: DC, dendritic cell; APC, antigen presenting 
cell; PBMC, peripheral blood mononuclear cells; IFN-y, interferon- 
gamma; LPS, lipopolysaccharide; NK, natural killer; CTL, cytolytic T 
cell; MLR, mixed lymphocyte reaction; TNF, tumor necrosis factor; 
IL-, interleukin; huCD40LT, soluble trimeric CD40 ligand fusion 
protein; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saUne; 
TBS, Tris-buffered saline; GM-CSF, granulocyte-macrophage colony 
stimulation factor; CASTA, Candida skin test antigen; HLA, human 
leukocyte antigen; IL-15, interleukin. 
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IL-12, a heterodimeric 70-kDa cytokine, is an impor- 
tant mediator in the establishment of both antigen- 
specific T cell and nonspecific NK cell immune re- 
sponses (16, 20, 21). Dendritic cell (17, 18) production 
of ILrl2 in response to bacterial products and inflam- 
matory mediators may be important for the stimula- 
tion of IFN-7-producing cells in antigen-specific cyto- 
lytic T cell responses (18, 22-24) and has been hypoth- 
esized to play a role in mature DC stimulation of 
allogeneic proliferative and cytolytic immune re- 
sponses (25). 

ILrl5 is a recently identified C)^kine which is func- 
tionally similar to IL-2 and stimulates both T and NK 
cells (26-28). IL-15 has been demonstrated to increase 
HIV-specific CTL in vitro (29) and is associated with 
increased T cell response to the intracellular pathogen 
M. leprae (30). IL-15 can act as a chemoattractant for T 
cells and induces effector mechanisms in both cytol3^ic 
T cells and NK cells (26, 28, 31). IL-15 is produced by 
dendritic cells after exposure to bacterial products and 
induction of phagocytosis (19, 32) but not by T cells. 

The interaction between cell surface protein CD40 on 
antigen presenting cells and its ligand gp39 is critical 
to the development of T-cell-dependent humoral im- 
mune responses (33, 34). The importance of this inter- 
action in the generation of cell-mediated and humoral 
immunity is well documented (35, 36), and recent data 
suggest that CD40/CD40L interactions play an impor- 
tant role in DC-induced T cell activation (24, 37). In 
this work we show that treatment of DC with recom- 
binant huCD40LT and other immunostimulatory mol- 
ecules promotes the expansion of antigen-specific CTL 
from normal donors and patients with melanoma. The 
mechanism by which peptide-pulsed DC treated with 
huCD40LT stimulated antigen-specific reactivity has 
been explored by analysis of DC cjrtokine production 
and its correlation with the immunostimulatory ability 
of mature DC. 

RESULTS 

Increased proliferation by melanoma patient PBMC in 
response to CASTA pulsed dendritic cells treated with 
huCD40LT. Dendritic cells derived fi^om CD34'^ pro- 
genitors (38) or peripheral blood mononuclear cell precur- 
sors (9, 39) have been grown fi:-om normal himian donors 
in the presence of himian or fetal calf serum with TNF-a 
and GM-CSF or IL-4 and GM-CSF, respectively. In our 
studies, DC fi'om normed donors and melanoma patients 
were expanded in AIM-V serum-fi'ee medivim supple- 
mented with ILr4 and GM-CSF (DC) residting in cultures 
which were 75 to 95% HLA-DR and CD86 positive and 
CD14 and CD19 negative. DC firom normal donors and 
melanoma patients had characteristic dendritic morphol- 
ogy and demonstrated no significant differences in ex- 
pression patterns of the aforementioned surface proteins 
(data not shown). 



Membrane-bound CD40L and other immunostimu- 
latory molecules have been shown to augment alloreac- 
tive proliferation stimulated by DC (24, 37), therefore 
we expected that DC treatment with recombinant 
huCD40LT would enhance the proliferation of autolo- 
gous PBMC in response to soluble foreign antigens. 
We assayed the ability of DC treated with huCD40LT 
-h/- IFN-7 to stimulate proliferation in response to 
CASTA, a Candida albicans protein extract known to 
stimulate good DTH responses (40) (Fig. 1). DC treated 
with huCD40LT stimulated a significant increase in 
proliferation at 72 h in response to CASTA in all nor- 
mal donors and patients when compared to DC grown 
in GM-CSF and IL-4 (control DC). In all six melanoma 
patients as well as two of the three normal donors 
(ND2 and ND3), addition of IFN-7 enhanced prolifer- 
ation beyond that stimulated by huCD40LT-treated 
DC. Exposure to DC to IFN-7 alone did not signifi- 
cantly alter proliferation in normal donors or mela- 
noma patients. These findings suggest that huCD40LT 
alone or combined with IFN-7 augments the capacity of 
DC form normal donor and melanoma patient PBMC to 
stimulate proliferative T cell responses to a soluble 
protein. 

Development of Flu antigen- specific CTL is aug- 
mented by dendritic cells treated with huCD40LT. 
Since exposure of DC to CD40L-expressing cells also 
enhanced the ability of DC to stimulate allogeneic cy- 
totoxicity (25) we h3^othesized that synthetic recombi- 
nant immunomodulatory proteins like huCD40LT 
would increase the capability to stimulate MHC Class 
I restricted CTL responses. To test this h3^othesis 
9-day DC were pulsed with the HLA-A2 restricted 
Flu-Ml peptide (NP 66-75), then treated with IFN-y 
and/or huCD40LT, and used to stimulate autologous 
PBMC from HLA-A2'^ normal donors (Figs. 2 and 3). 
Ten days after primary in vitro stimulation with DC 
treated with huCD40LT +/— IFN-7 autologous PBMC 
effector cells demonstrated antigen-specific cytotoxic- 
ity (42 and 47%, respectively, at E:T ratio of 30:1) while 
effector cells stimulated with DC exposed to IFN-7 or 
grown in GM-CSF and IL-4 (control DC) induced less 
than 25% specific lysis (Fig. 2A). Background lysis of 
unpulsed targets was less than 10% at 30:1 E:T ratios. 
After a second in vitro stimulation, peptide-pulsed DC 
from all treatment groups stimulated comparable lev- 
els of antigen-specific lysis (33-39%) at 30:1 E:T ratio 
(Fig. 2B). Identical effector cells stimulated with con- 
trol DC or DC treated with huCD40LT, IFN-y, or the 
combination of huCD40LT and IFN-7 were used in an 
IFN-7 ELISPOT assay to determine, whether the en- 
hanced c3rtotoxicity correlated with the number of Flu- 
Ml-specific IFN-7-producingT cells (Fig. 3). Treatment 
of DC with huCD40LT (1850 +/- 125) or IFN-y plus 
huCD40LT (2310 +/- 629) resulted in significant in- 
creases of Flu-Ml-specific IFN-y-producing effectors 
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FIG. 1. huCD40LT enhances DC-induced Droliferation to rA<!TA no «„ • , 
(ND1-ND3) were treated with IFN-^, huCDloL^t^KuCm^tT ^^^^^^ °''"*Tf ""^l""'^ (MP1-MP6) and three nonaal donors 
used as stimulators of autologous PBMC in a 72-h prolifSSn ^slv Prot .^^^^^ ^^"^A- were harvested and 

Conditions resulting in changes in proliferation ^i^r^ 'liS^^l^^tS'^^^ T^"^^. incorporation 

of the logarithm transformation of all cpm measurements Proliferation ^^^^ ^ one-way analysis of variance 

with 95% confidence intervals. asurements. tYoliferation is reported as mean CPM of five replicate wells above background 



compared with control DC (33 +/- 106). Exposure to 
IFN-y alone (480 +/- 50) yielded a modest increase in 
stimulation compared with control DC. Addition of 
anti-CD40 antibody M2 to huCD40LT and IFN-y- 
treated DC blocked the enhanced effector cell produc- 

?°?iT^?m^"°* "^^^^^ ""^s^lts indicate that 

huCD40LT treatment resulted in DC from normal do- 
nors with enhanced ability to stimulate antigen-spe- 



cific cytolytic and IFN-7-secreting T cells after a single 
m vitro stimulation compared with control or IFN-v- 
treated DC. ^ 

huCD40LT treatment of dendritic cells stimulates 
turner antigen-specific CTL from melanoma patients. 
Jo test whether treatment of patient DC with IFN-v 
and huCD40LT resulted in stimulation of increased 
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FIG. 3. huCD40LT enhances DC-induced expansion of viral an- 
tigen-specific IFN-y-producing cells. DC were treated with IFN-y or 
huCD40LT and pulsed overnight with Flu-Ml peptide as described 
under Materials and Methods. DC were harvested and used as 
stimulators of autologous PBMC for antigen-specific CTL growth. 
Flu-Ml antigen-specific effector cells were grown for 10 days follow- 
ing primary in vitro stimulation. Cultures were harvested and the 
isolated effector cells were assayed for number of IFN-7-producing 
cells per 100,000 effectors as described under Materials and Meth- 
ods. Values represent the number of IFN-7-positive cells responding 
to Flu-Ml peptide-pulsed T2 cells minus percentage lysis of gplOO 
peptide-pulsed T2 cells. Representative data are presented from 
experiments which have been repeated in four normal donors and 
one melanoma patient. 



tumor antigen-specific CTL activity, MART-1 peptide- 
pulsed DC treated with IFN-7, huCD40LT, or the com- 
bination were used to stimulate autologous melanoma 
patient PBMC. As with Flu-Ml, MART-1 peptide- 
pulsed DC treated with huCD40LT alone or IFN-7 and 
huCD40LT stimulated antigen-specific cytotoxicity af- 
ter 9 days (17 and 23%, respectively, at 100:1 E:T ratio) 
(Fig. 4A). Background lysis of unpulsed targets was 
less than 5% at all E:T ratios tested. Effectors stimu- 
lated with IFN-7-treated or untreated DC did not show 
significant MART-1 specific cytotoxicity above back- 
groxmd 9 days after stimulation. Identical effector cells 
stimulated with control, huCD40LT-, IFN-7, or 
huCD40LT/IFN-7-treated patient DC were used in an 
IFN-7 ELISPOT assay to confirm that enhanced cyto- 
toxicity correlated with the number of MART-l-specific 
IFN-7-producing T cells (Fig. 4B). Treatment of DC 
cultures with huCD40LT (960 +/- 45) or IFN-7 and 
huCD40LT (906 +/- 45) but not IFN-7 alone (320 4-/- 
92) resulted in greater than a fourfold increase of 
MART-l-specific IFN-7-producing effectors compared 
with control DC (200 +/- 60). To understand the 
mechanism of the increased immunostimulatory abil- 
ity of peptide-antigen-pulsed DC treated with 
huCD40LT we examined the production of cytokines 
implicated in the formation of T-cell-mediated immune 



responses by DC treated with huCD40LT with or with- 
out IFN-7. 

Exposure of DC to huCD40LT alone stimulates in- 
creased IL-15 production. In order to determine 
whether IL-15, a T cell stimulatory molecule secreted 
by DC (19, 32), contributed to the enhanced stimula- 
tion of antigen-specific CTL by huCD40LT-treated DC, 
supematants were harvested at 24-h timepoints after 
day 10 medium change of control, huCD40LT-, and/or 
IFN-7-treated DC, concentrated fivefold, and assayed 
for IL-15 production (Fig. 5A). Peak IL-15 production 
by DC was in the 0- to 24-h supernatant and increased 
threefold afler treatment with huCD40LT (58 pg/ml) or 
IFN-7/huCD40LT (97 pg/ml) but not in response to 
treatment with IFN-7 (15 pg/ml) alone compared with 
control DC (10 pg/ml). Addition of anti-CD40 antibody 
abrogated the increase in IL-15 production by 
huCD40LT- and IFN-7-treated DC (data not shown). 
IL-15 production by DC treated with huCD40LT with 
or without IFN-7 correlated with the increased anti- 
gen-specific immunostimulatory ability of DC and was 
seen with DC from normal donors and patients. 

IFN-y plus huCD40LT but not huCD40LT alone in- 
duces increased synthesis of IL-12 from peripheral 
blood-derived DC. BC grown from PBMC-derived 
monoc3i;es of normal individuals have been shown to 
produce IL-12 in response to treatment with J558L 
cells expressing membrane-bound CD40L. In those 
studies DC production of IL-12, a cytokine which has 
been shown to enhance cell-mediated immune re- 
sponses (16, 20, 21), correlated with an increased abil- 
ity to generate alloreactive proliferative and cytolytic 
responses (24). To determine whether IL-12 is pro- 
duced by DC grown with and without huCD40LT 
and/or IFN-7, DC supematants from melanoma pa- 
tients and normal donors were harvested from 4 to 
120 h after replacement of AIM V medium on day 10 of 
culture. Control, IFN-7, huCD40LT, or IFN-7/ 
huCD40LT DC were assayed for IL-12 production by 
ELISA (Fig. 5B). These data indicate that DC cultures 
derived from different melanoma patient or healthy 
donor PBMC produce IL-12 only in response to the 
combination of a trimeric huCD40LT fusion protein 
and IFN-7 (187 pg/ml) but not to either agent alone (<6 
pg/ml) and that IL-12 production rapidly declines with- 
out further stimulation during the initial 12 h after 
washout. 

Neutralizing antibodies to IL-12 and IL-15 block 
DC-induced proliferation to CASTA. To determine 
the impact of IL-12 and IL-15 production by DC on 
the enhanced proliferation demonstrated by IFN-7/ 
huCD40LT-treated CASTA-pulsed DC we measured 
the effect of IL-12 and IL-15 neutralization on 72-h 
proliferation to CASTA (Fig. 6). Addition of a neu- 
tralizing anti-IL-12 monoclonal antibody resulted in 
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uZoL ^C^'i^TeLw^^^^^ ~s MAI^T-l'tu^or antigen-specific CTL. 

harvested and used as stimulators of autologoi PBMC for antSr^-si^mc ^^'^ ^"^"^ P^P"'*^- were 

for 9 days following primaiy in vitro stimulation ^S (aF -^rl^J J^^ T^^'^ antigen-specific effector cells were gr^wn 

'■Cr-IabeledMAET-lpeptide-pulsedT2 target ce°?sZ?u?SrceM 

E:T ratio as described under Materials andLthodsTB) N^S^fSr cK ^ cells which did not exceed 5% at any 

with production of IFN-y was assayed by ELISPOT aLs^T<, A.J^^^ 7 a/t . .^P^fi<\«"y responded to the MART-1 tumor antigen 
IFN-^positive cells responding to IVUET lpeptid^^^^^^^ under Materials and Methods. Values represent the number of 

data are presented from an experiment wwKas beete^aLL^^^ peptide-pulsed T2 cells. Representative 



reduction of the average tritiated thymidine incorpo- 
ration in two normal donors by 40 +/- 9%, anti- 
IL-15 antibody reduced proliferation minimally by 
20 +/- 10%, and both anti-IL-12 and anti-IL-15 
reduced proliferation by 55 +/- 2.5% while an iso- 
type control antibody did not alter proliferation 
These data suggest that IL-12 but not IL-15 plays a 
role in DC-mediated proliferation to CASTA, a solu- 
ble C. albicans protein. 

An anti-IL-15 but not an anti-IL-12 monoclonal 
antibody blocks the expansion of HLA-A2-restricted 
antigen-specific T cells stimulated by IFN-y I 
huCD40LT-treated DC. To examine whether pro- 
duction of IL-15 and/or IL-12 by DC is responsible 
tor the enhancement of tumor antigen-specific CTL 
activity we blocked IFN-y/huCD40LT-treated DC- 
stimulated CTL cultures using anti-IL-15 and anti- 
IL-12 monoclonal antibodies and measured the 
number of IFN-y-producing T cells in an ELISPOT 
assay. Blocking antibodies as well as an isotype con- 
trol antibody were added to appropriate wells at the 
C'TL cultures. Ten days later 
MART-1- (Fig. 7A) or Flu-Ml- (Fig. 7B) specific T 
cells were measured. Treatment of MART-1 peptide- 
pulsed DC with IFN-7/huCD40LT resulted in an in- 
crease in the number of specific IFN-y-producing 
cells from 90 +/- 55 (control DC) to 650 -h/- 86 
Addition of anti-IL-15 blocking antibody decreased 



the number of IFN-7-producing cells to 120 +/- 75 
while addition of anti-IL-12 antibody and an iso- 
type control antibody did not significantly block ex- 
pansion of antigen-specific IFN-7-producing cells 
(493 +/- 63 and 530 +/- 11, respectively). Simi- 
larly, treatment of Flu-Ml peptide-pulsed DC with 
IFN-y/huCD40LT resulted in an increase in the 
number of specific IFN-y-producing cells from 33 
+/- 106 (control DC) to 2310 +/- 629. Addition of 
Ji^II"""^^ blocking antibody decreased the number 
of IFN-7-producing cells to 825 -I-/- 214 while addi- 
tion of anti-IL-12 antibody and an isotype control 
antibody did not significantly block expansion of 
l-lu-Ml antigen-specific IFN-7-producing cells (1947 
+/- 268 and 2607 +/- 548, respectively). Addition of 
neutralizing anti-IL-15 antibody to control DC did 
not decrease effector cell stimulation (data not 
shown). j 

In orderj to determine if IL-15 produced by DC 
resulted in^ the expansion of antigen-specific T cells 
with cytolytic activity, effectors were also tested for 
their abihty to lyse appropriate target cells in a 
chromium release assay, shown in Fig. 8. Treatment 
of the Flu-Ml peptide-pulsed DC with IFN-7/ 
huCD40LT resulted in an increase in the Flu-specific 
lysis from 23% (control DC) to 47% at a 301 E T 
ratio. Addition of anti-IL-15 blocking antibody de- 
creased Flu-Ml specific lysis to 12% at a 301 E T 
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FIG. 5. IL-12 and IL-15 production by DC is enhanced by immunomodulatory agents. DC were grown for 9 days and then exposed to 
IFN-y. TNF-a, huCD40LT, and IFN-7/huCD40LT for 18 h. Supematants were collected as described and assayed by sandwich ELISA for the 
presence of 11^-15 (A) or 11^12 (B). ILrl5 release in A is from fivefold concentrated supematants collected every 24 h after the day-10 medium 
change. IL-12 release in B are supematants collected from 4 to 120 h after day-10 medium change. Representative data are presented from 
an experiment which has been repeated in four patients and two normal donors. 



ratio while addition of anti-IL-12 neutralizing anti- 
body and an isotype control antibody did not signif- 
icantly block Flu-Ml specific lysis (49 and 43%, re- 
spectively, at a 30:1 E:T ratio). Background lysis of 
unpulsed targets was , less than 10% at 30:1 E:T 
ratios. These data suggest that increased production 
of IL-15 contributes to huCD40LT/IFN-y-treated DC 
stimulation of tumor and viral antigen-specific T 
cells from normal donors and cancer patients. 

DISCUSSION 

Cella et al. established that monocyte-derived DC 
cocultured with J558L cells expressing CD40L stim- 
ulated increased levels of proliferation in an allo- 
geneic MLR (24). In this study, we have employed 
a construct which covalently links three CD40L ex- 
tracellular domains in one recombinant molecule 
to stimulate human dendritic cells. The role of DC 
in the generation of antigen-specific immune re- 
sponses has been the focus of extensive study, and 
published data suggest that DC have the ability to 
prime effective viral and tumor antigen-specific im- 
munity (6, 41). APC capable of stimulating tumor 
antigen-specific immune responses in vitro might fa- 
cilitate the generation of anti-tumor immune re- 
sponses in vivo after adoptive transfer (6, 41). The 
melanoma antigen MART-1 (aa27-35) (42, 43) and 
the viral-specific antigen Flu-Ml (aa66-75) (44), en- 
coding 9 amino acid HLA-A2-restricted epitopes, 
were chosen as model antigens for assessment of 
MHC Class I restricted immune responses, and 



CASTA, a C. albicans protein which generates po- 
tent DTH responses were used for assessment of 
proliferative responses to soluble protein. MART-1 
responses were tested in melanoma patients and 
Flu-Ml responses in normal donors and patients. 
Our studies demonstrate that recombinant 
huCD40LT induces enhanced DC-stimulated prolif- 
eration in response to CASTA in normal donors and 
melanoma patients. The addition of IFN-y to 
huCD40LT-treated DC resulted in increased mean 
proliferation to CASTA. 

Our studies also demonstrate that addition of re- 
combinant huCD40LT enhanced the ability of pep- 
tide-pulsed DC to stimulate the expansion of anti- 
gen-specific cytotoxic and IFN-y-producing T lym- 
phocytes from autologous PBMC in vitro. This 
immunostimulatory effect of huCD40LT permitted 
the detection of antigen-specific CTL within 10 days 
of primary in vitro stimulation of the PBMC as had 
been demonstrated for allogeneic CTL (25). In con- 
trast to the effect of huCD40LT upon CASTA- 
induced proliferation, treatment of peptide-pulsed 
DC with huCD40LT stimulated similar levels of an- 
tigen-specific cytotoxicity with or without IFN-y. 
These data show that treatment of DC with 
huCD40LT resulted in the production of APC with 
increased capacity for stimulation of viral and tumor 
antigen-specific immune responses. 

Production of cytokines by APC is an important 
mechanism for the generation and orientation of im- 
mune responses. IL-15 and IL-12 are produced by 
activated macrophages and dendritic cells and their 
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FIG 6. Neutralization of IL-12 and IL-15 decreases prolifer- 
ation of autologous PBMC stimulated by CASTA-pulsed DC DC 
h-om normal donors were treated with IFN-y and huCD40LT and 
pulsed overnight with CASTA and used to stimulate proliferation 

IL 15 a„Tn 1 were treateT^^th aS 

lL-15, anti-IL-12, or a control IgG, monoclonal antibody. Prolifer- 
ation was measured by tritiated thymidine incorporation and is 
repor ed as percentage of IFN-y + huCD40LS'-treated DC 
stimulated control. Reported values represent the average +/- 

toLat^"""^ '"'r."'' ^ representative experiment per- 
lormed in two normal donors. . 

synthesis is enhanced in response to bacterial prod- 
ucts and by induced phagocytosis (17, 19, 21 24 28) 
Production of IL-15 by antigen presenting cells is 
important for the generation of cell-mediated im- 
mune responses (29, 30) and IL-15 production by DC 
has been demonstrated to enhance chemotaxis of T 
cells (16-19) IL-15 binds to a receptor composed of 
the p and y chains of the IL-2 receptor to exert its 
function which overlaps the actions of IL-2 IL-15 is 
induced by DC after phagocytosis or in response to 
Lfb, suggesting that it plays an early role in the 
induction and ampHfication of cell responses. Its che- 
motactic effects when produced by DC would be con- 
sistent with a role in early T cell activation. In our 

huCmTT' ^'^.f '^^F^^ °" recombinant 
huCD40LT with or without IFN-y resulted in a 

threefold increase in IL-15 production. In order to 
test the hypothesis that IL-15 plays a role in DC 
stimulation of MHC Class I restricted T cell re- 
sponses, we demonstrated that IL-15 but not IL-12 
neutralization in DC-stimulated T cell cultures ab- 
rogated the expansion of antigen-specific IFN-v- 
producing and cytolytic T cells from normal donors 
and melanoma patients. We concluded that there is a 
direct link between IL,15 production by DC and the 
stimulation of MHC Class I restricted antigen- 



specific T cells and that production of IL-15 can be 
stimulated by ligation of CD40 on DC in vitro bv a 
recombinant CD40L trimer fusion protein IL-15 
may enhance DC-mediated stimulation of effector T 
cells through direct activation of effector mecha 
nisms in an IL-2-like role or alternatively enhance 
chemotaxis of T cells. 

Monocyte-derived DC (MODC) isolated from the 
peripheral blood of normal donors have been shown 
to produce IL-12 in response to coculture with cells 
expressing membrane-bound CD40L on J558 trans- 
fectants (24, 25). In our study DC did not produce 

hnPrnoT T recombinant 
?FM ?t '•^l^^^ed additional stimulation by 

1 . . ^ difference from published data could be 
attributed to at least four different factors: (1) the 

y^^.^^'^T^'''^ ^'^^^ literature are produc- 

ing IbN-y, (2) interactions other than CD40/CD40L 
between the DC and the J558 cell may modulate the 
activation of DC, (3) recombinant huCD40LT fusion 
protein may not induce the same effects as aggre- 
gated membrane-bound CD40L, and (4) the different 
media and culture conditions used in our studies 

.f'iS.J^' ^^.''^ ^ activation state than 

the MODC produced by Cella et al. Our data demon- 
strate that while IL-12 production by DC correlated 
with increased proliferation in response to CASTA it 
did not coincide with production of antigen-specific 
cytolysis or IFN-y-secreting MHC Class I restricted 
antigen-specific T cells. Furthermore, IL-12 neutral- 
ization decreased autologous proliferation in re- 
sponse to CASTA but had no effect on MART-1 or 
Flu-Ml antigen-specific effector T cell expansion 
However, exogenous IL-12 has been shown to in- 
crease the production of cytolytic immune responses 
s imulated by DC (data not shown) and to the stim- 
ulation of CASTA-dependent prohferation. IL-12 
produced by DC may be responsible for the stimula- 
lon of NK or CD4^ T cells which may aid in the 
stimulation of antigen-specific CTL. Maturation of 

6m" «nJ "S^^'n^uT^.^^^^^ requirement for 
CD4 and NK cell help in the expansion of class I 
restricted CTL. This could explain the delay ob- 
served m CTL activation by untreated DC until after 
a second restimulation. Studies investigating the 
role of IL-15, IL-12 and other cytokines il the^tim! 
tuclAlJ^r^^^'^^^i responses augmented by 
ratory ^ ^ ^""^ ^ performed in our labo- 

In this study, we have also demonstrated that den- 
dritic cells from normal donors or patients with mela- 
noma can stimulate potent anti-viral or anti-tumor T 
cell responses in vitro which are amplified by recombi- 
nant huCD40LT and depend on production^f Tig 
This result suggests that viral or tumor antigen pep- 
tide-pulsed dendritic cells grown from normal? or mel- 
anoma patient PBMC treated with huCD40LT and 
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FIG 7 An anti-11^15 but not an anti-IL-12 neutralizing monoclonal antibody inhibits the expansion of antigen-specific I^^N-rproducing 
cells bv IFN-v/huCD40LT-treated DC. DC were treated with IFN-7 and huCD40LT and pulsed overnight with MART-1 (A) or Flu-Ml (B) 
oeptide DC were harvested and used as stimulators of autologous PBMC for antigen-specific CTL growth. IFN-yhuCD40LT-treated 
DC-stimulated CTL cultures were treated with anti-IL-15, anti-IL-12, or a control IgG, monoclonal antibody. Antigen-specific effector cells 
were grown for 9 days following primary in vitro stimulation with DC. The number of antigen-specific IFN-y-producing cells per 100,000 
effector cells was assayed by ELISPOT assay as described under Materials and Methods. Values represent the number of IFN-y-positive cells 
responding to MART-1 or Flu-Ml peptide-pulsed T2 cells minus those responding to gplOO peptide-pulsed T2 cells. Representative data are 
presented from an experiment which has been repeated for MART-1 in three patients and Flu-Ml in four normal donors and one melanoma 
patient. 



expressing IL-15 may be effective as a vaccine to aug- 
ment anti-viral or anti-tnmor immunity. This preclin- 
ical idea will be tested in an upcoming clinical trial at 
our institution in patients with melanoma. 

MATERIALS AND METHODS 

Collection and purification of mononuclear cells. 
Peripheral blood mononuclear cells were isolated from 
leucopheresis specimens of HLA-A2^ normal donors or 
melanoma patients who had their tumor resected and 
were rendered free of detectable disease. PBMC were 
enriched by FicoU-Hypaque density gradient purifica- 
tion and aliquoted and frozen at 5 X 10' cells/ml in 50% 
AIM V medium (Gibco, Grand Island, NY), 40% heat- 
inactivated human AB sera (Omega Scientific, Irvine, 
CA), and 10% DMSO (Sigma, St. Louis, MO). Cell 
yields were greater than 3 X 10^ PBMC per leuco- 
pheresis. 

Cytokines, cell lines] and reagents. Recombinant 
IL-4 (6.35 X 10' lU/mg) and GM-CSF (1.35 X 10' 
lU/mg) used for the production of DC were kindly 
provided by Dr. Sathwant Narula, Schering-Plough 
Research Institute (Kenilworth, NJ). Recombinant 
soluble CD40L trimeric fusion protein was gener- 



ously provided by Immunex Corporation (Seattle, 
WA). Recombinant human IFN-7 was kindly pro- 
vided by Medarex Corporation (Annandale, NJ). Re- 
combinant human IL-2 was generously provided by 
Chiron Therapeutics (Emeryville, CA). Recombinant 
human IL-7 was kindly provided by Sanofi Pharma- 
ceuticals (Labege, France). Antigenic peptides MART- 
^27^ (AAGIGILTV) (45) and Flu-Ml"""'' (GILGFVFTL) 
(44) were synthesized on a soUd state peptide synthesis 
machine at the USC/Norris Cancer Center microchemi- 
cal core synthesis facihty and reconstituted in 100% 
DMSO (10 mg/ml). CASTA, a mixture of Candida-associ- 
ated proteins, was piurchased from Greer Laboratories 
(Lenoir, NO (40). T2 cells expressing HLA A2.1 were a 
kind gift of Dr. Franco Marincola, NCI. 

Growth of dendritic cells. Dendritic cells were 
prepared from peripheral blood mononuclear cells by 
a modification of the method of Romani et al. (39). 
PBMC were thawed and allowed to adhere to plastic 
for 1 h. Nonadherent cells were removed with agita- 
tion. Adherent cells were grown in AIM V medium 
(Gibco) containing GM-CSF (800 U/ml) and IL-4 
(1000 U/ml) (AIM V-DC medium) for 10 days receiv- 
ing fresh medium and cytokine on day 7. Y)C cultures 
were exposed to IFN-7 (250 U/ml), huCD40LT (1.5 
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FIG. 8. An anti-IL-15 but not an anti-IL-12 neutralizing mono- 
clonal antibody inhibits the expansion of antigen-specific CTL by 
IFN-7/huCD40LT-treated DC. DC were treated with IFN-7 and 
huCD40LT, pulsed overnight with Flu-Ml peptide, and used to stim- 
ulate autologous PBMC for antigen-specific CTL growth, IFN-7/ 
huCD40LT-treated DC-stimulated CTL cultures were treated with 
anti-IL-15, anti-IL-12, or a control Igd monoclonal antibody. Tumor 
aatigen-specific lysis was determined by chromium release from 
'Cr-labeled Flu-Ml peptide-pulsed T2 cells minus percentage lysis 
of gplOO peptide-pulsed T2 cells, which did not exceed 10% at 30:1 
E:T ratio as described under Materials and Methods. Representative 
data are presented from an experiment which has been repeated in 
two normal donors. 



Atg/ml), andyor TNF-a (75 U/ml) for the last 18 h of 
10-day cultures. 

Proliferation assay. DC were pulsed with 10 
/ig/mL antigen 20 h prior to harvest and IFN-7 
huCD40LT, or IFN-y and huCD40LT were added 
18 h prior to harvest. DC stimulators (2.5 X 10^) 
were irradiated with 6000 R and incubated with 
1.5 X 10^ PBMC responders in 96-well plates for 
72 h. Tritiated thymidine (1 /tiCi) (NEN, Boston, MA) 
was added to each well for the last 18. h of the assay. 
Cells were harvested onto glass fiber filters using a 
Model 12010 cell harvester (Skatron, Sterling, VA) 
and counted in a Model C1600 liquid scintillation 
counter (Packard Instruments, Palo Alto, CA). Sta- 
tistical significance was established using Dunnett's 
method of multiple comparisons at the level of P 
<0.05 (46) and a one-way analysis of variance of 
the logarithm transformation of all cpm measure- 
ments. Proliferation is reported as mean cpm of 
five replicate wells above background with 95% con- 
fidence intervals. Anti-IL-12 (15 /xg/ml) and anti- 
IL-15 (10 /ig/ml) neutralizing monoclonal antibodies 
or an isotype control antibody were added at the 
induction of each proliferation assay for blocking 
studies. 



Cytokine ELISA. IL-12 (p70) and IL-15 production 
by DC cultures was measured by sandwich ELISA 
according to the manufacturer's specifications (R&D 
Systems, MinneapoHs, MN). Dendritic cells were cul- 
tured in AIM V-DC medium for 10 days to a density of 
10 cells in 2 ml of medium per well of a 6-well plate 
On day 9 IFN-7 and huCD40LT were added to specified 
cultures. On day 10 culture supematants were re- 
moved and replaced with 2 ml of fresh AIM-V medium. 
Supernatant samples were harvested at the indicated 
time points, then aUquoted and frozen at -80**C imtil 
analysis. IL-15 supernatants were fivefold concen- 
trated prior to analysis using microcon 10-spin filters 
(Amicon, Beverly, MA). 

Growth of antigen-specific CTL, DC cultures were 
grown in T-75 tissue culture flasks to a density of 5 X 
10® cells/flask in the presence or absence of cytokine 
or huCD40LT for the last 18 h of culture. On day 9 of 
culture at least 30 min prior to adding immunomodu- 
latory agents, DC were pulsed with 10 iig/mL of 
either Flu-Ml^^"®*^ or MART-l^'"^^ peptide. On day 10 
DC cultures were irradiated (6000 rad) and medium 
was removed and replaced with AIM-V medium con- 
taining 5 X 10' PBMC responder cells. All CTL cul- 
tures received IL-7 (10 ng/ml) at the establishment of 
culture and IL-7 (10 ng/ml) and IL-2 (25 lU/ml) on 
day 5 of culture. CTL were grown for 10 days prior to 
assay or they were restimulated with peptide-pulsed 
adherent PBMC on day 10 and harvested for assay 
on day 17. Blocking of IL-15 and IL-12 was per- 
formed by addition of neutralizing monoclonal anti- 
bodies, Ml 12 (10 /xg/ml) (Genzyme, Cambridge, MA) 
and C8.6 (15 fig/ml) (Pharmingen, San Diego, CA), 
respectively, at the establishment of antigen-specific 
CTL cultures. Isotype control was the IgGi 107.3 
antibody (Pharmingen). 

Cytotoxicity assay. After 9 or 17 days in culture, 
graded doses of effectors were plated in 96-weli 
round-bottom plates with 5000 T2 target cells incu- 
bated overnight with either antigen-specific or an 
irrelevant control peptide and labeled with ^^Cr (Am- 
ersham, Arlington Heights, IL). After 4 h, superna- 
tants were harvested using a harvesting frame (Ska- 
tron) and released chromium-labeled protein was 
measured using a gamma counter (Packard Instru- 
ments). Percentage of antigen-specific lysis was de- 
termined by subtracting the percentage of lysis with 
irrelevant HLA-A2 restricted peptide-pulsed T2 tar- 
gets from the percentage of lysis with antigen pep- 
tide-pulsed T2 targets. 

ELISPOT assay. IFN-7 ELISPOT assays were 
performed using a modification of a protocol estab- 
Hshed by Fujihashi et al. (47). On day 1 mouse anti- 
human IFN-7 capture antibody NIB42 (10 ^g/ml) 
(Pharmingen) was aliquoted into MAHA S4510 
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plates (Millipore Corporation, NY) and incubated for 
18 h at room temperature. On day 2 the supernatant 
was removed, and blocking buffer (RPMI with 10% 
fetal bovine sera) (Omega Scientific) was added and 
allowed to incubate at 37**C for 1 h. Blocking buffer 
was removed and replaced with graded doses of ef- 
fector cells and 10^ T2 cells pulsed overnight at 37**C 
with either antigen-specific or irrelevant peptide. On 
day 3 the plates were washed three times with PBS 
and three times with PBS containing 0.05% Tween 
20 followed by overnight incubation at 4**C with a 
biotin-labeled anti-human IFN-7 detection antibody 
48. B3 (2.5 fig/ml) (Pharmingen). On day 4 the biotin- 
conjugated antibody was removed and plates were 
washed with TBS followed by a 1-h incubation at 
ST^'C with streptavidin-alkaline phosphatase (1: 
2000 in TBS) (Gibco, Gaithersburg, MD). Plates were 
washed three times with TBS. BCIP/NBT color solu- 
tion (Kirkegaard-Parry Laboratories, Gaithersburg, 
MD) was added and allowed to incubate for 15-25 
min. IFN-y-producing cells/well were enumerated 
using a SZH stereo zoom microscope as well as an 
automated ELISPOT reader (Scientific Products, Los 
Angeles, OA). 
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Tumor antigen-specific T-cell tolerance limits the efficacy of therapeutic cancer vacanes. Antigen- 
p?Sng cells mediate the induction of T^ell tolerance to self-antigens. We therefore assessed 
the fate of tumor-spedfic CD4* T cells in tumor-bearing recipients after in vn^o activation of ant,- 
gen-presenting cells with antibodies against CD40. Such ™^V"°!, P^'t^l^^^^ t^mor^ 
spomiveness of this population, but resulted in their endogenous activation^ Established tumors 

r^dinvaccinate^^^^^ 

. LSeS with vacdnaUon alone. These results indicate that modulation of antigen-presenting 
cells may be a useful strategy for enhancing responsiveness to immunization. 



The foundation of cancer immunotherapy rests on the ability of 
the adaptive immune response to specifically recognize and re- 
iect cancer cells in the tumor-bearing host. Although multiple ef- 
fector mechanisms can be recniited to participate in tumor 
rejection, it Is the T-cell arm of the response that achieves tumor 
specificity, and CD4^ T cells in particular that orchestrate the ac- 
tivities of both antigen-specific as well as nonspecific elements 
of the tumoricidal ^esponse'-^ 

In a T-cell receptor (TCIQ transgenic model, CD4* T cells spe- 
cific for a model tumor antigen are rendered tolerant early in the 
couree of tumor progression^ This tolerance is antigen-specific, 
and occurs when other elements of the T-cell repertoire function 
nomially- Given the central role of CD4* T cells in the anti-tumor 
immune response, defining the mechanism(s) responsible for the 
induction of CD4* T-cell tolerance to tumor antigens is necesMiy 
for the successful development of therapeutic cancer vaccines^ 

Studies of T-cell tolerance to peripheral self-antigens have 
demonstrated that bone manow-derived antigen-presenting 
cells (APCs) are involved in the induction of tolerance to anti- 
gens expressed by non-hematopoietic tissues^. Given that host 
APCs are also required for initiating productive T-cell responses, 
the state of activation and/or differentiation of the APC may be 
tiie requisite determinant of whether T cells are primed or 
rendered tolerant. ^ ^r>,c>i 

The engagement of CD40 on APCs by Its ligand CD154 on 
CD4* T cells is an important event during APC activation . 
CD40 ligation on dendritic cells results in the upregulation of co- 
stimulatory molecules and the secretion of inflammatory cy- 
tokines tiiat are central to the initiation of cell-mediated immune 
responses. We therefore sought to detennine whether the In vivo 
activation of APCs using CD40-activating antibodies could pro- 
vide the signaKs) needed to induce activation rather than toler- 
ance of CD4* T cells. Using a lung metastasis model of a murine 
renal-cell carcinoma, we found that CD40 ligation not only pre- 
served the responsiveness of tumor-specific CD4* T cells to Immu- 
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nization. but also led to their endogenous activation in the ab- 
sence of vaccination. Furthennore. immunization of tumor-bear- 
ing mice previously treated with antibody against CD40 resulted 
in substantial tumor rejection, which was not found after vacci- 
nation alone. These results indicate that modulating host respon- 
siveness to immunization tiirough APC activation may be a 
useful strategy to enhance the efficacy of tumor vaccines. 

CD40 ligation preserves responsiveness to vaccination 

CD4* T cells specific for an antigen expressed exclusively by a B- 
cell lymphoma are rendered tolerant during the course of tumor 
progression^ Similar findings have been obtained in a lung 
metastasis model of renal cell carcinoma (E.M.S. et a/., manu- 
script in preparation). In botii systems, tumor antigen-specific 
transgenic CD4^ T cells transferred into a tumor-bearing host un- 
dergo a transient clonal expansion and have a phenotype associ- 
ated with antigen recognition. However, functional analysis 
demonstrates tiiat these cells have a diminished response to pep- 
tide antigen in vitro, and are unable to be primed in vivo. 

We determined whether in vivo ligation of CD40 could prevent 
the development of unresponsiveness of TCR transgenic CD4* T 
cells specific for an MHC class II epitope of Influenza hemagglu- 
tinin" (HA) after their transfer into mice vAth established pul- 
monary metastases of a renal cell carcinoma expressing HA 
(RencaHA). Immunization of non tumor-bearing mice with a re- 
combinant vaccinia encoding-HA (vac-HA) resulted in a clonal 
expansion of HA-specific T cells (Fig. 1). The percentage of clono- 
type-positive T cells in the spleen of a vac-HA primed mouse 6 
days after Immunization was almost 400% greater than the ft^- 
quency in an unlmmunlzed mouse (1.42% and 0.37%. respec- 
tively Fig. la). However, the response to vac-HA Immunization 
was substantially impaired in a RencaHA-bearing mouse, result- 
ing in a minimal increase in the percentage of clonotype-posltive 
T cells relative to an unlmmunlzed tumor-bearing mouse (0.71% 
and 0.58%. respectively). In contrast, treatment of tumor bearing 
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Table 1 Effect of xenogeneic immunoglobulin on 
T cell responsiveness 



Group 



IL-2 

Mean pg/ml per 100 
donotype *T cells 



No tumor 

No tumor + rat IgG control 
RencaHA 

Renca HA + rat IgG control 
Renca HA + antiCD40 



5.9 ±2.3 
8 ±3.2 
1.9 ±0.2* 
2.4 ±0.6' 
7.4 ±0.4 



IFN^ 
Mean pg/ml per 100 
donotype *T cells 

137 ±80 

163 ±47 
41 ±3.0' 
54 ± e-O* 

197 ±5.0 



RencaHA-bearlng mice or tumor-free mice received anU-HA TCR^ Uansgenlc T ce Is and 
w^e treated witS either the agonist CD40 antibody FGK45 or a sim lar amount of poty- 
d^uTt IgC conuo. anybody. On day OS after T f ' ^/.'"f 
munized wfth vacHA and were Wiled 6 d later; production of \l-2 and IFN-y was 
det^^ned by aiSA. Data represent mean . s.e.m. of triplicate cuRi^es from three 
mTce7n e«h^oup. and are expressed as the amount of cytokine produced per 100 
clonotype-positl ve T cells. 'Not statlsUcally significant. 

mice with activating antibody against CD40 (FGK45, ref. 12) re- 
suited in preseivation of the response to vac-HA, as demonstrated 
by a clonal expansion that was similar to that in a tumor-free 
mouse (1.47% versus 1.42%. respectively). Statistical comparison 
of tiie response to immunization (Fig. lb) verified that tumor- 
bearing mice were signiflcandy impaired in their response to vac- 
HA priming compared witii tumor-free mice (P = 0.003). 
Furthennore. tiiis response was preserved in RencaHA-bearing 
mice treated with activating antibodies against CD40 (P= 0.007). 

CD40 ligation results in preservation of CD4* T-cell function 

T cells from vaccinated tumor-free mice fulfill several functional 
criteria indicative of effective T-cell primlng-i/) vivo clonal ex- 
pansion (Fig. lb, stippled bar), increased IL-2 production (Fig. 
2a stippled bar) and differentiation into effector cells capable of 
producing gamma interferon (\¥N^i) after in Wiro^stimulation 
with HA peptide (Fig. 2b. stippled bar). Most of the increase in 
the antigen-specific proliferative response after immunization is 
attributable to the increased numbers of antigen-specific T cells 
tiiat are generated^^ such tiiat on a 'per-cell* basis. HA-specific 
proliferation does not reflect priming (Fig. Zc^. 

Analysis of HA-specific cytokine release from tiie splenocytes 
of RencaHA-bearing mice showed significant impaimnent in 
tiieir capacity to produce IL-2 (P= 0.005) and IFN-y (P< 0.001; 
Fig 2 a and b). This unresponsiveness was antigen-specific, as 
demonstrated by the equivalent responses to vaccinia antigens 
in vitro of T cells obtained from these same vac-HA primed. 
RencaHA-bearing mice and non-tumor-bearing mice, (data not 
shown). In contrast; treatment of RencaHA-bearing mice witii 



Fiq 1 Effect of CD4Q ligation on the responsiveness of RencaHA bearing 
mice to vaccination. Tumor-bearing mice or tumor-free mice received anti- 
HA TCR- transgenic T cells and were treated with the agonist CD40 anti- 
body FGK45 (antiCD40). Mice were immunized with vacc-HA 15 d after 
T-cell transfer and were killed for analysis 6 d later. T cells were analyzed by 
two-color now cytometry staining for CD4 versus anti-HA TCR donotype^ 
a Two-color FACS analysis of splenocytes from non-tumor-bearing and 
RencaHA-bearing mice. T cells from unimmunized mice (No vac) or immu- 
nized mice (vac-HA) were analyzed. Upper right quadrant nurnbers. per- 
centage of double-positive T cells, b, T cells from unimmunized mice (■) 
and vac-HA-immunized mice (S) were analyzed by flow cytometry^ Data 
represent mean + s.e.m. of the percentage of T cells co-expressing CD4 and 
the clonotypic TCR for sii mice/group (combined results '"^^P^"' 
dent experiments with three mice per group per experiment) P» 0.007 
for the difference in clonal expansion in response to vac-HA between 
RencaHA and RencaHA/anti-CD40. 
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antibody against CD40 preserved tiie IL-2 {P< 0.001) and IFN-7 
(P < 0.001) response to peptide antigen. Although T cells from 
tumor-bearing mice treated with antibody against CD40 prolifer- 
ated more after HA peptide treatment in vitro than those from 
untreated mice, this difference was not statistically significant 
(Fig. 2c). Overall, the in vivo Ugation of CD40 in mice wltii 
metastatic RencaHA resulted in a degree of clonal expansion and 
production of IL-2 and IFN-y that was simUar to tiiat in immu- 
nized mice without tumors. 

To Insure that tiie observed effects of antibody treatment were 
a consequence of CD40 ligation rather tiian a result of the host 
response to xenogeneic protein {FGK45 is a rat IgG). we com- 
pared tiie effect of antibody against CD40 witii tiiat of a control 
antibody (polyclonal rat IgG) after injection into tumor-bearing 
mice CTable 1). Whereas treatment of tumor-bearing mice with 
antibody against CD40 preserved the ability of clonotype-posi- 
tive T cells to produce IL-2 and IFN-Y In response to vac-HA (sim- 
ilar to immunized tumor-free mice), T cells from tumor-bearing 
mice treated with control antibody (and mice not receiving anti- 
body) remained impaired in tiiese responses. 

Endogenous priming of tumor-spedfic T cells by CD40 ligation 

If ligation of CD40 leads to the activation of APCs that have 
processed tumor antigen, one might expect this to result in the 
priming of tumor-specific T cells, even in the absence of immu- 
nization. To address this, we assessed the function of clono type- 
positive CD4* T cells isolated from the draining lymph nodes 
(peritracheal, peribronchial and mediastinal) of mice with pul- 
monary metastases of RencaHA. As in otiier tumor systems. 



No tumor 







VaccHA 




♦ •otiCO40 R.ociHA B»nc«MA ♦ •ntiCD40 
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Fig. 2 Effect of in vivo ligation of CD40 on the functional responses of anti- 
gen-specific CD4-T cells. T cells from the mice In Fig. 1 were isolated and as- 
sessed for their functional response to HA peptide in vitro, a and 
ft Production of IL-2 (a) and IFN^ {b) in response to in vitro stimulation 
with HA„o.i» peptide. Purifted T cells from unimmunlzed {■) or vac-HA im- 
munized (0) mice were stimulated witii HA peptide for 48 h; supernatants 
were collected and assayed for IL-2 or IFN-7 by EUSA. Data represent mean 
+ s e m of triplicate cultures from six mice in each group, and are expressed 
as the amount of cytokine produced per 100 clonotype-positive T cells. V 
/> < 0 001 . c. Proliferative response to stimulation with HA peptide. T cells 
from unimmunlzed (■) or vac-HA immunized (S) mice were mixed witii 
fresh splenocytes and HA peptide. Data represent mean +s.e.m. of tiie cpm 
per 100 clonotype-positive T cells per well. 

there was an expansion of the population of clonotype-positive 
T cells in RencaHA-bearing mice relative to that in tumor-free 
mice (Fig. 3a). This expansion was enhanced in RencaHA-bear- 
ing mice treated with acUvaUng anUbodies against CD40. al- 
though this difference was not statistically significant. 
Similarly, there was a trend towards increased proliferaUon in 
response to HA peptide in vitro in T cells isolated from tumor- 
bearing mice treated with antibody against CD40 (Fig. 3b): 
However, an analysis of cytokine release in response to HA pep- 
tide showed that clonotype-posiUve T cells from tumor-bearing 
mice treated with antibody against CD40 secreted more IL-2 
than those from either naive or untreated tumor-bearing mice 
(P = 0.036; Fig. Zdf. Furthemiore, these cells had acquired the ca- 
pacity to produce IFN-y even in the absence of in vivo priming 
with vac-HA {P = 0.01; Fig. Sd). Whereas the IFN-y production 
on a per-ceir basis was significantly lower than that in response 
to vac-HA priming (18 and 200 pg/ml per 100 clonotype- 
positive cells, respectively), the capacity of tumor-specific T 
cells to produce this cytokine is indicative of endogenous differ- 
entiation into functional effector cells. 

Anti-tumor effect of treatment with antibody against CD40 

Given that CD40 ligation preserved the responsiveness of 
RencaHA-bearing mice to vac-HA priming, we detemnined 
whether treatment with antibody against CD40 alone or in com- 
bination with vaccination had any anti-tumor effect in this pul- 
monary metastasis model of renal cell carcinoma. The lung of an 
untreated RencaHA-bearing mouse contained many malignant 
nodules 3 weeks after T-cell transfer (Fig. 4). Vac-HA given 6 days 
before the mouse was killed did not have any demonstrable anti- 
tumor effect (Fig. 4, Vac-HA). as expected, given the T-cell unre- 
sponsiveness demonstrated above. Further analysis of six mice 
per group demonstrated that all unimmunlzed or vac-HA-lmmu- 
nized mice examined at this time had more than 20 pubiionary 
metastases (data not shown) . Similarly, the lungs of mice receiv- 
ing control (polyclonal rat IgG) antibody, either alone or in com- 
bination with vac-HA. had a tumor burden that was 
indistinguishable from that of untreated mice. 

In a group of mice treated with antibody against CD40 alone 
(given on days -1 and +1). four of the six mice had more than 20 
large tumor nodules at the time of analysis. One mouse that was 
initially thought not to have tumor by macroscopic examina- 
tion of the lung was subsequendy found to have malignant nod- 
ules by histologic examination (Fig. 4. Anti-CD40). The other 
mouse was tumor-free, as ascertained by careful histologic exam- 
ination. This modest anti-tumor effect of treatment with anti- 
•body against CD40 alone may be a consequence of the 
endogenous activation of T cells (Fig. 3). 
Whereas vac-HA immunization given 15 days after T-cell trans- 
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fer led to no substantial anti-tumor response, identical immu- 
nization of RencaHA-bearing mice that were previously treated 
with CD40-activating antibodies resulted in a definite anti-tumor 
effect. Of the six mice treated in this way. two had neither macro- 
scopic nor microscopic evidence of pulmonary metastases at the 
time of analysis (day +21). Furthermore, in vitro culture of lung 
explants from these mice failed to show any tumor growth (data 
not shown). The remaining four mice had fewer than ten pul- 
monaiy nodules per mouse (a tumor burden equivalent to that in 
untreated mice 1 week after the transfer of T cells) . indicative of a 
substantial delay in tumor growth. A representative photograph 
of the lung of one of tiiese mice is shown in Fig. 4 (Anti- 
CD40A/ac-HA). The modest cellular infiltrate in the pulmonaiy 

Table 2 Comparison of IL-4 and IFN-y responses in tumor-bearing 
mice and peptide-treated mice. 



Group 



Renca HA 

Renca HA + anti-CD40 
HA peptide 

HA peptide + Anti-CD40 



IL.4 

Mean pg/ml per 100 
clonotype* T cells 

0 

0.15 ±0.15 
0.85 ± 0.05* 
2.3 ±0.8* 



IFN-Y 
Mean pg/ml per 100 
cIonotype*T cells 

24 ±5 
115±5 
32 ±1 
40 ±9' 



Tumor-bearing mice or tumor-free mice received anll-HA ICR- uansgenlc T cells and 
wereuealed with the agonist CD40 antibody FGK4S. Then, 2 d alter T^^^^ 
tumor-free mice were given a tolerogenic dose of HA peptide (275 ng Wl the mice 
were Immunized with vac-HA on day *9 after T-cell uansfer and were Wiled 6 d ^t^, 
Purlfled T cells were stimulated with HA peptide in Wtrofor 48 h and then supernatants 
were assayed for IL-4 and IFN-y by EUSA. Data represent mean ♦ s.e.m. of uiplicate cul- 
tures from three mice In each group, and are expressed as the amount of cyxotane pro- 
duced per 100 clonotype-positive T cells.'P ■ 0.006, compared with RencaHA. 
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Rg. 3 Analysis of HA-specific T cells isolated from regional lymph nodes. 
RencaHA-bearing mice or tumor-free mice received anti-HA TCIT transgenic 
T cells and were treated with antibody against CD40. On day +21. mice 
were killed and the thoracic lymph nodes from three mice per group were 
collected and pooled for analysis, a. Lymph node cells were analyzed by 
two color flow cytometry staining for CD4 versus anti-HA TCR clonotype. 
Data represent mean + s.e.m. of the percentage of double positive T cells 
from two Independent experiments, b. Proliferative response to HA pep- 
tide. Data represent the mean + s.e.m. cpm per 100 clonotype-positive T 
cells per well from two independent experiments, e and d, Purified T cells 
were stimulated with HA peptide for 48 h; supernatants were collected and 
assayed for IL-2 {d^ or IFN-t (d) by ELISA. Data represent mean + s.e.m. of 
triplicate cultures from three mice in each group, and are expressed as the 
amount of cytokine produced per 100 clonotype-positive T cells. 
*. /> = 0.036. IL-2: \P = 0.01 , IFN-Y. 



parenchyma of mice receiving anUbody against CD40 and vac- 
HA was somewhat greater than that in the other groups, 
although the importance of this is uncertain. 

CD40 ligation prevents peptide induced CD4* T-cell anergy 

As the Renca tumor used in our system, like many tumors of ep- 
ithelial origin'*-^, expresses CD40 and could thereby be recog- 
nized directly by FGK45. we sought to determine whether 
antibody against CD40 could prevent T-cell unresponsiveness in 
another well-characterized in vivo model of T-cell anergy: pep- 
tide-induced T-cell anergy^'^. Intravenous administration of HA 
peptide induced T-cell unresponsiveness to vac-HA (Fig. 5). 
Compared with those from mice not given peptide, clonotype- 
positive T-cell populations from mice receiving peptide failed to 
expand in vivo (P< 0.001), and were defective in their ability to 
produce IL-2 {P= 0.001) and IFN-y (P< 0.001). In contrast, treat- 
ment with antibody against CD40 preserved the response to vac- 
HA in mice that received intravenous HA peptide. The clonal 
expansion of HA-spedfic transgenic T cells was significantly 
higher in peptide-treated mice given antibody against CD40 
than in those receiving peptide alone (P- 0.015). Furthennore, 
treatment with antibody against CD40 prevented the loss of IL-2 
production by clonotype-positive T cells in peptide-treated mice 
(P < 0.001). Treatment with antibody against CD40 alone 
seemed to enhance IL-2 production by T cells encountering an 
otherwise tolerogenic form of antigen in vivo, even in the ab- 
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sence of immunization with vac-HA. 

In contrast to what was seen with tumor-induced T-cell toler- 
ance, CD40 ligation in mice receiving HA peptide failed to pre- 
serve the ability of HA-specific CD4* T cells to differentiate into 
IFN-Y producing effector cells in response to vac-HA priming 
(Figs. 2b and 5t). Given that these cells were responsive by other 
parameters (such as clonal expansion and IL-2 production), we 
looked for evidence of differentiation along another effector 
pathway: that is, the production of lL-4. Indeed, the peptide-in- 
duced tolerance model (but not the tumor tolerance model) 
seems to favor the differentiation of clonotype-positive T cells 
into IL-4-producing cells (Table 2). After treatment with anti- 
body against CD40, the effector response to vac-HA priming is 
manifest as enhanced IL-4 production. Therefore, CD40 ligation 
preserves T-cell responsiveness in the peptide tolerance model, 
but the response is polarized towards the production of a proto- 
typic Th-2 cytokine, which probably accounts for the failure of 
these cells to make IFN-y- 



Fig. 4 Effect of CD40 ligation on the anti-tumor response to vaccination. 
Tumor-bearing mice received anti-HA TCR* tf^ansgenic T cells and were 
treated with the agonist CD40 antibody FGK45. Mice were immunized with 
vac-HA on day +1 5 after the adoptive transfer of clonotypic T cells and were 
killed for analysis 6 d later. Lung samples are from an untreated tumor- 
bearing mouse (No Treatment), a mouse immunized with vac-HA alone 
(vac-HA). a mouse treated with CD40 alone (Anti CD40) and a mouse 
treated with combination therapy (Anti CD40/Vac-HA). 
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Fig. 5 Effect of CD40 ligation on the response to intravenous HA peptide. 
Mice that received anti-HA ICR* transgenic T ceOs either were or v^rere not 
treated vwth antibody against CD40 (FGK45) before receiving a tolerogenic 
dose of HA peptide (27 5 jig). Vac-HA was given 1 5 d after T-ceO transfers, and 
analysis was done 6 d later, a. T cells isolated from untmmunized (■) and vac- 
HA immunized mice (S) analyzed by two-color flow cytometry staining for 
CD4 versus anti-HA TCR clonotype. Data represent the mean + s.e.m. of the 
percentage of T cells co-expressing CD4 and the clonotypic TCR for three 
mice/group. \P« 0.015. to and ci Purified T cells were stimulated with HA 
peptide for 48 h. then supematants were coUected and assayed for lL-2 {b) or 
IFN.7 {di by EUSA. Data represent mean + s.e.m. of triplicate cultures from 
three to four mice In each group . Data are expressed as the amount of cytokine 
produced per 100 clonotype-positive T cells per weQ. \P< .001 , IL-2. 

Discussion 

Much attention has been given to the observation that tumor 
cells, typically being the transformed counterparts of 'non- 
professional' antigen-presenting cells, lack the capacity to ex- 
press T-cell co-sUmulatoiy molecules. In the absence of 
adequate co-stimulation, the direct encounter of T cells with 
tumor cells has been proposed as the basis for the development 
of tumor antigen-specific T-cell tolerance. However, the require- 
ment for a direct T cell-tumor interaction in the development 
of tumor-specific CD4* T-cell tolerance is problematic. Most tu- 
mors of nonhematopoietic origin do not express MHC class II 
molecules (altiiough expression can often be induced in the 
presence of IFN-y and tumor necrosis factor (TNF-a). Moreover, 
naive T cells circulate mainly between the blood and the sec- 
ondary lymphoid compartments, only entering the extra- 
lymphoid tissue spaces after activation and acquisition of 
effector function. Although solid tumors do often metastasize 
through the lymphatics (an event that may have important im- 
munologic consequences), in our model of CD4* T-cell toler- 
ance to renal cell carcinoma, we have not identified lymphatic 
tumor, indicating that tolerance does not depend on this event. 

Alternatively, the induction of tumor-specific CD4* tolerance 
may involve the presentation of tumor antigen by host APCs. 
APCs are indispensable in establishing peripheral T-cell toler- 
ance to normal self-antigens. Bone marrow-derived APCs can 
capture and present peripheral tissue-specific antigens to naive 
CDS* T cells, leading to tiieir deletion"^. There is a similar re- 
quirement for the processing of parenchymal self antigen by 
host APCs in the induction of CD4^ T-cell tolerance^. 

In the immune response to tumors, one plausible scenario 
tiierefore involves tiie capture of tumor antigen at the tumor 
site by host APCs that then migrate to the T-cell zone of sec- 
ondary lymphoid organs for presentation to tumor-specific T 
cells. Consistent with this is the observation that anti-HA CD4* 
T . cells isolated from the draining lymph nodes and spleen of 
RencaHA-bearing mice undergo an initial clonal expansion ac- 
companied by an increase in size (forward light scatter) and loss 
of naive phenotype. compared with that of HA-speclfic T cells 



c 
o 

Xi 

2^ 





600 



S 600 



400 



^1 

i u 200 



T 



In W(ro treatment 

from tumor-fi^e mice and mice with Renca wild-type tumors 
(data not shown). These changes are consistent with transgenic 
T cells encountering antigen on cells capable of providing some 
degree of co-stimulation. Despite these changes, these same T 
cells are ftmctionally impaired, as shovm by their inability to 
proliferate In vivo in response to vaccination, as well as their de- 
creased capacity to produce cytokines when re-stimulated with 
the nominal peptide antigen in vitro (Figs. 1 b and 2) . 

Given that bone marrow-derived APCs are also essential for T- 
cell priming, these observations lead to the hypothesis that the 
differentiation and/or activation state of the APC is the central 
detemiinant of T-cell priming versus tolerance^. In their imma- 
ture state. APCs such as dendritic cells have relatively low levels 
of MHC. co-stimulatoiy molecules and other adhesion mole- 
cules that participate in T-cell priming". Nonetiieless. immature 
dendritic cells can efficienUy capture fragments from apoptotic 
cells^ and present peptide antigens derived from this material in 
the T-cell zones of lymphoid tissues^. In the absence of APC acti- 
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Fig. 6 Experimental protocols. Treatment 
and analysis protocols used for experiments 
in Figs. 1 and 2 (a) and Fig. 5 (b). 
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vaUon. this process has been proposed to mediate the induction 
and maintenance of peripheral tolerance to self antigens*. This 
pathway may well typify how the immune system normally 
encounters tumor antigens". 

In contrast, the ability of the iruiate immune response to pro- 
mote T-cell priming and ceU-mediated immunity has been at- 
tributed to the production of factors that induce APCs to 
upregulate the expression of T-cell co-stimulatory molecules and 
to produce inflammatoiy cytokines^*'^. This fomns the basis of 
the efficacy of adjuvants often used in vaccine formulations. 
Therefore, strategies aimed at providing signal (s) that lead to ef- 
fective APC activation in vivo have the potential to convert a T- 
cell encounter with antigen/APC from a tolerizing event into a 
priming event. Indeed, as demonstrated here, in vivo activation 
of APCs achieved tiirough triggering of CD40 not only preserved 
the responsiveness of tumor-speciHc CD4* T cells to vaccination 
in tumor-bearing mice (Fig. 2) but also resulted in their endoge- 
nous activation rather than tolerance (Fig. 3). Similarly, in vivo 
ligation of CD40 on APCs resulted in the priming of CD4* T celk 
in response to an otherwise tolerogenic dose of peptide injected 
intravenously (Fig. 5). 

The Importance of APC activation through CD40 engagement 
has been recently emphasized by the demonstration that a 
prinicpal component of the t-helper cell function that is re- 
quired for priming MHC class I-restricted CTLs is mediated 
through the engagement of CD40 on APCs by its ligand on CD4* 
T cells. The resulting activation of APCs is sufficient to drive 
naive CDS* T cells to become fully activated effector cells^"^. 

However, a model in which CD4* T cells alone are sufficient to 
activate APCs does not account for how CD4* T-cell responses 
can possibly be regulated. Specifically, if all that is required for 
the 'licensing' of APCs to activate T cells (including CD4* T cells 
themselves) Is the cognate interaction between an antigen-spe- 
cific T-helper cell and an APC presenting its antigen, then the 
outcome of all such encounters would be priming, including 
that of self-reactive T cells. Although tiiere is definite evidence 
tiiat the provision of T-helper cell function can indeed convert 
MHC class I-restricted CTL tolerance to T-cell priming^^. there 
is equally compelling evidence tiiat CD4^ T cells can be rendered 
tolerant //) wVoP-^-^""^'. as was seen here. 

Perhaps after an initial encounter vrith antigen, naive CD4* T 
cells are often not capable of providing sufficient signals to acti- 
vate or 'license' an otherwise immature APC. The outcome of 
such an encounter would be CD4* T-cell tolerance. The fact that 
CD4* T-cell tolerance is seen even at the experimentally high 
CD4* T-cell precursor frequencies used in this and other studies 
furtiier emphasizes the point that the availability of antigen- 
specific T helper-cell action alone cannot be the sole detenni- 
nant regulating the induction of cell-mediated immunity. 

Instead, it is likely tiiat the pathway leading to APC activation 
is normally initiated as a consequence of the innate immune re- 
sponse to a pathogen and/or as a direct response of APCs to in- 
fection". One of the most salient changes in the phenotype of 
activated versus immature dendritic cells is the Increased expres- 
sion of CD40 (ref. 27). as occurs after exposure to bacterial 
lipopolysaccaride*^. Perhaps this renders the APC more receptive 
to T-helper cell function. Given the profound impaimnent of the 
ability to prime T-cell responses in mice with the targeted dis- 
ruption of CD40 or CD40 ligand. it is likely that CD4* T cells are 
important in sustaining and perhaps amplifying APC activation 
after it is initiated. Anergic CD4* T-cells are very deficient in 
their ability to upregulate CD40 ligand*^. We are now assessing 



the abiUty of HA-specific CD4* T cells fi-om RencaHA-bearing 
mice to express CD40 ligand. 

From a therapeutic perspective, it seems that this 'insufficient 
cross-talk* between tumor-specific CD4* T cells and host APCs in 
tumor-bearing mice is either corrected (If defective) or at least 
augmented after the exogenous triggering of CD40 with antibod- 
ies. The activation of APCs using this strategy not only converted 
T-cell tolerance to T-cell activation, but also preserved the re- 
sponsiveness of tumor bearing mice to vaccination. Therefore, 
the advances made in vaccination against infectious pathogens 
using CD40-activating antibodies as 'adjuvants' (refs. 46.47) has 
now been extended to the field of tumor vaccines, indicating 
that modulation of APCs may be useful in enhancing the effi- 
cacy of this therapeutic modality. 

Methods 

Mice. Male BALB/c mice 6-8 weeks old were obtained from the National 
Institutes of Health (Fredericlc. Maryland). TCR Uansgenic mice expressing 
an op T-cell receptor specific for amino acids 110-120 from influenza 
hemagglutinin presented by l-E" were a gift from H. von Boehmer". These 
mice were crossed to a BALB/c background for more than ten generations. 
The transgenic mice used in these experiments were heterozygous for the 
transgene. All experiments involving the use of mice were in accordance 
with protocols approved by the Animal Care and Use Committee of the 
Johns Hopkins University School of Medicine 

Tumor cells. Renal cell carcinoma cells (Renca) were obtained from the 
American Type Culture Collection (ATCC. Rockville. Maryland). Cells were 
cultured in vitro in RPMl 1640 media, supplemented with 10% PCS, 
50 U/ml penicillin/streptomycin, 2 mM L-glutamine. and 50 mM p- 
mercaptoethanol (complete media), and were grown as an adherent 
population at 37 'C, 5% COj. RencaHA was generated by calcium phos- 
phate-mediated plasmid transfectlon with the construct plHA. which en- 
codes the HA molecule of the influenza virus A/PR/8/34 (H1N1), as 
reported**. RencaHAneo was selected and grown in complete media sup- 
plemented with the neomycin analog G418 (400 jig/ml). 

Adoptive transfer. Single-cell suspensions were made from peripheral 
lymph nodes and spleen collected from TCR transgenic donors. The per- 
centage of lymphocytes double-positive for CD4 and the clonotypic TCR 
was determined by now cytometry. Cells were washed three times in sterile 
Hanks balanced salt solution (HBSS), and injected into the tail veins of male 
BALB/c recipients such that a total of 2.5 x 10" CD4* antl-HA TCR* T cells 
was transferred to each recipient. RencaHA cells used for in wVo tumor chal- 
lenge were detached from the culture flasks with trypsin (Sigma) and were 
suspended in complete media. Then, cells were counted and viability was 
assessed by trypan blue exclusion. If the viability was 100%. tumor cells 
were washed three times in sterile HBSS, and injected through tail vein in a 
total volume of 0.2 ml, 1x10' tumor cells per mouse. 

In vivo treatment with activating antibodies against CD40. The experi- 
mental design in Fig. 6a was used in the experiments in Figs. 1 and 2. 
Pulmonary metastases of RencaHA were established in BALB/c mice by in- 
travenous injection of 1 x 10 ' tumor cells. After 10 d, transgenic anti-HA 
CD4* T cells (2.5 x 10 •) were transferred intravenously into these recipi- 
ents or into tumor-free mice (day 0). Half the mice in each group received 
100 pig/day of the agonist CD40 antibody FGK45 given intravenously on 
days -1 and +1. Similarty, a subgroup of mice received 100 ^ig of poly- 
clonal rat IgG (Sigma) intravenously on days -1 and +1 after T-cell transfer. 
On day +15 after T-cell transfer, half the mice in each subgroup were im- 
munized subcutaneously with 1x10' plaque-forming units of a recombi- 
nant vaccinia virus encoding influenza hemaglutinin (vac-HA). In all 
experiments, three mice per subgroup were used and mice were analyzed 
individually. Each mouse was given a unique identification number so that 
specific determinants of T-cell responsiveness could be correlated within 
an individual as well as between mice in the same group or between 
groups. Mice were killed 6 d after immunization (day +21 after T-cell trans- 
fer) for analysis. 
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Assessment of pulmonary metastases. Mice were killed, and after the tho- 
racic cage was opened, the lungs were carefully dissected. Lungs were 
washed with HBSS and evaluated for the presence of tumor nodules on a 
scale of U to 3+: Fewer than 10 nodules/lung. U.: 10-20 nodules/lung. 
2+; more than 20 nodules/iung. 3+ or 'signtftcant tumor Injrden'. Then, 
one lung was fixed in formalin, paraffin embedded, and steined with hema- 
toxylin and eosin. RencaHA nodules were explanted from the remaining 
lung and a single-cell suspension was made by mechanical dissociation and 
passage through nylon mesh. Explants of RencaHA obtained at different 
time points during tumor progression demonstrated continued expression 
of HA. as determined by staining with the antibody against HA. H-18 (data 
not shown). 

Re-isolation of clonotypic T ceils after in vivo transfer. On the day of 
analysis, spleen cells were obtained by passing them through nylon mesh 
and centrifugation on a Ficoil gradient (Ficoll-Paque; Pharmacia). Then, 
spienocytes were passed through nylon wool to enrich samples for T cells. 
Optimization of this technique has allowed us to obtain at least 5 x 10" 
highly purified T ceils per spleen, an amount sufficient for our studies. 

Flow cytometric analysis. T cells were stained with FITC-conjugated goat 
anti-mouse CD4 (Caltag. Burlingame. California) and biotinylated rat anti- 
clonotypic TCR antibody IVIAb 6.5. followed by PE-conjugated streptavidin 
(Caltag. Burlingame. California). For this analysis. 50.000 gated events were 
collected on a FACSCAN (Becton Diclcinson. San Jose. California) and ana- 
lyzed using CellQuest software (Becton Diclcinson, San tose. California). 
Data represent the mean + s.e.m. of the percentage of ceils expressing the 
clonotypic TCR. Background staining of spienocytes or lymph node cells 
from naive BALB/c mice is usually less than 0.10%. 

Antigen-specific proliferation. Purified T ceils (4 x 10* cells/well) from the 
experimental groups were mixed with fresh spienocytes (8x10* cells/well) 
from naive BALB/c mice to which 12.5 \ig/m\ of synthetic HA peptide 
(amino acids 1 10-1 20: SFERFEIFPKE) was or was not added. The cells were 
pulsed with 'H-thymidine (1 mCi/well, Amersham) after 3 d in culture. Cells 
were collected 18 h later with a Packard Micromate cell harvester. 
Thymidine incorporation into DNA was measured as counts per minute 
(cpm) on a Packard Matrix 96 direct beta counter. Data represent as cpm 
per 100 clonotype-positive T cells 

Cytokine release. T cells purified and plated as described above were cul- 
tured with media alone or HA peptide (12.5 jig/ml) plus fresh BALB/c 
spienocytes. Then. 48 h later, supernatants were collected and stored at 
-70 'C. then assayed for IL-2. IL-4 and IFN-t by ELISA (R&D Systems. 
Minneapolis. Minnesota). Values for T ceils cultured in media alone were 
less than 1 0% of the values for HA-stimulated T cells. Data represent pg/ml 
of the specific cytokine per 1 00 clonotype-positive T cells per well. 

Analysis of clonotypic T cells from draining lymph nodes. To assess the 
fate and function of those clonotype-positive T cells in the regional lymph 
nodes, the peritracheal, peribronchial and mediastinal lymph nodes were 
collected from tumor-free mice and from RencaHA-bearing mice. Lymph 
nodes from three mice per group were pooled, and cell suspensions were 
• made by passing the samples through nylon mesh and centrifugation on a 
Ficon gradient. Between 2 x 10» and 3 x 10" lymph node cells were 
obtained from the pooled samples of tumor-bearing mice, and between 0.5 
xlO*and 1 x10» ceils were obtained from tumor-free mice. The phenotypic 
and functional characteristics of these cells were analyzed as described 
above (flow cytometric analysis, antigen-specific proliferation and cytokine 
production). 

Intravenous injection of a tolerogenic dose of HA peptide„o.i«o. The ex- 
perimental design in Fig. Sb was used to evaluate the effect of antibody 
against CD40 treatment in a well -characterized model of peptide-induced 
tolerance (Fig. 5). Anti-HA/I-E" TCR* transgenic T cells (2.5 x 10^ were 
uansferred into BALB/c mice on day 0. Half the mice received 100 jig/day 
of the agonist antibodies against CD40 intravenously 1 d before and 1 d 
after the Uansfer of T cells. On day +2. an intravenous injection of 275 tig 
purified HA peptideuatpo was given to some mice. On day +15 alter T-ceil 
transfer, half the mice in each subgroup were immunized subcutaneously 



with 1x10' plaque-forming units of vac-HA. All the mice were killed for 
analysis 6 d after immunization (day +21). and T cells from the spleen were 
obtained. Phenotypic and funaional characteristics of these reisolated T 
celts were evaluated as described above. 

In vivo priming with vac-HA. A recombinant vaccinia virus encoding 
hemagglutinin from the 1934 PR8 strain of influenza was a gift from F. 
Guamieri. Vac-HA was amplified on Hu-TK- cells in the presence of 25 »ig/ml 
5-bromo-2'-deoxyuridine (Sigma). Virus was purified from the cellular 
lysate by sucrose banding, and titered by plaque assay on B-SC-1 cells. On 
the days indicated for each particular experimental design, mice were 
primed by subcutaneous inoculation with 1x10' plaque-forming units of 
recombinant vaccinia encoding HA suspended in 0.1 ml HBSS. 

Statistical analyses. Two-way analysis of variance (ANOVA) was used to 
evaluate the magnitudes of tumor and antibody against CD40-induced ef- 
fects for clonotypic T-cell expansion, proliferation and cytokine production. 
To compare the experimental groups in Fig. 3, we used a one-way ANOVA. 
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